The black-winged subterranean termite, Odontotermes formosanus Shiraki, is a severe pest of plantations and forests in China. This termite cultures symbiotic Termitomyces in the fungal combs, which are challenged by antagonistic microbes such as Trichoderma fungi. In a previous study we showed that O. formosanus workers made significantly fewer tunnels in sand containing commercially formulated conidia of Trichoderma viride Pers. ex Fries compared with untreated sand. Herein, we hypothesize that fungi in the genus Trichoderma exert repellent effects on O. formosanus. Different choice tests were conducted to evaluate the tunneling and aggregation behaviors of O. formosanus workers reacting to sand/soil containing the unformulated conidia of seven Trichoderma fungi (Trichoderma longibrachiatum Rifai, Trichoderma koningii Oud., Trichoderma harzianum Rifai, Trichoderma hamatum (Bon.) Bain, Trichoderma atroviride Karsten, Trichoderma spirale Indira and Kamala, and T. viride). We also investigated the colony-initiation preference of paired O. formosanus adults to soil treated with Trichoderma conidia (T. koningii or T. longibrachiatum) versus untreated soil. Tunneling-choice tests showed that sand containing conidia of nearly all Trichoderma fungi tested (except T. harzianum) significantly decreased tunneling activity in O. formosanus workers compared with untreated sand. Aggregation-choice test showed that T. koningii, T. atroviride and T. spirale repelled O. formosanus workers, whereas T. longibrachiatum and T. hamatum attracted termites. There was no significant difference in proportions of paired adults that stayed and laid eggs in the soil blocks treated with conidia of Trichoderma fungi and untreated ones. Our study showed that Trichoderma fungi generally repelled tunneling in O. formosanus, but may exert varied effects on aggregation preference by workers.
Introduction
Termites are eusocial insects that feed on various types of cellulose. Based on foraging habitat or foraging environment, termites can be categorized into three types: (1) subterranean termites, which include wood-feeding lower termites and fungus-growing higher termites that construct underground nests or above-ground mounds attached the soil; (2) drywood termites, which live in and feed on dry wood above the soil levels; and (3) dampwood termites, which nest in the rotting wood with high
Materials and Methods

Termites
Eight colony groups of O. formosanus workers were searched and collected from different locations (>100 m apart from each other) in the arboretum of South China Agricultural University (SCAU). In each location, logs containing a large number of termites were collected and brought to the laboratory within 1 h. Termites were extracted by gently knocking the logs with a hammer.
Adult O. formosanus were collected under road lights using insect nets during mating flights in May 2018. The species of winded adults was confirmed based on morphological characteristics described by Huang et al. [30] . Collected adults were maintained in plastic containers (diameter of upper side = 15.0 cm, diameter of bottom side =13.5 cm, and height = 19.5 cm) with wet filter papers, and brought to the laboratory within 1 h. When the male and female adults began to follow or engage in tandem running one-to-one, they were paired and transferred to a new container and kept in an environmental chamber setting at 25 • C. In total, 140 pairs of O. formosanus adults were obtained to set the bioassays.
Soil and Sand
Topsoil was collected in the arboretum of SCAU (23 • 9 28" N, 113 • 21 16" E) where O. formosanus was detected. A sample of soil was sent to the Laboratory of Forestry and Soil Ecology (College of Forestry and Landscape Architecture, SCAU), and identified as sandy clay loam (69.89% sand, 9.25% silt, and 20.86% clay). Soil was sterilized at 80 • C for 3 days, and completely dried at 50 • C for >2 weeks. Dried soil was then ground with wooden mortars and pestles, and sifted through a 2-mm sieve to remove plant roots and other coarse particles. Fine sand, which was purchased online, was washed several times to remove impurities and sterilized and dried the same way as mentioned above. The dried sand was then sifted through a 0.85-mm sieve to remove coarse particles.
Trichoderma Fungi
Seven species of Trichoderma fungi were used in the present study. T. koningii, T. viride and T. harzianum were purchased from the Guangdong Culture Collection Center (GCCC), and T. longibrachiatum, T. hamatum, T. atroviride, and T. spirale were purchased from the China General Microbiological Culture Collection Center (CGMCC) ( Table 1) . These fungi were cultured in the potato dextrose agar (PDA) medium in an environmental chamber set at 28 ± 1 • C. After conidia grew on the surface, 5 mL sterile distilled water was added into the PDA medium to obtain the conidial suspensions, which were then transferred to a 500 mL Erlenmeyer flask containing rice medium (50 mL distilled water and 50 g dried rice sterilized at 121 • C for 20 min [31, 32] ). After 7-10 days, 200 mL sterile distilled water was added into the rice medium, and the flask was shaken for 5 min using a vortexer. The concentration of conidial suspensions was determined using a hemocytometer (Shanghai Qijing Biochemical Reagent Instrument Co., Ltd., Shanghai, China). The required amount of conidial suspensions and sterile distilled water were added into the dried sand or soil to reach a relative moisture level of 50% and final concentration of 2.5 × 10 7 conidia/g sand or soil. 
Tunneling-Choice Test
This test aimed to investigate the tunneling preferences of O. formosanus workers on sand treated with the conidia of each Trichoderma fungus (T. longibrachiatum, T. koningii, T. harzianum, T. hamatum, T. atroviride, T. viride, or T. spirale) and untreated sand. In total, seven tunneling-choice tests were conducted, and each test was repeated 24 times (eight colony groups × three replicates for each colony group).
The method provided by Gautam and Henderson [33] was modified to conduct the bioassays. In brief, a two-dimensional tunneling arena (150 mm (L) × 150 mm (W) × 1.5 mm (H)) was created by assembling two square acrylic plates (156 mm (L) × 156 mm (W) × 3.0 mm (H)) and four narrow edge strips (156/150 mm (L) × 3.0 mm (W) × 1.5 mm (H)) ( Figure 1A) . A 5-mm hole (entrance for termites) was drilled on the bottom center of an acrylic container (diameter = 30 mm; height = 15 mm) and the central point of the upper plate of tunneling arena. The acrylic container was then pasted on the upper plate (the holes were connected). Four small pieces of wet balsa wood slats (10 mm (L) × 10 mm (W) × 1.0 mm (H)) were placed on corners of the tunneling arena. The tunneling arena was divided equally into two parts: one part was filled with untreated sand, and the other was filled with sand treated with conidia of Trichoderma fungus (the entrance was right on the boundary of treated and untreated sand). The upper and bottom plates were tightly held using binding clips. Fifty O. formosanus workers were released into the acrylic container. The tunneling arenas were then kept in an environmental chamber (25 ± 1 • C under total darkness) with randomly assigned cardinal directions. After 2 days, the tunneling arenas were horizontally placed on a LED panel light (the bottom plate was placed upward). A piece of graph paper (12 mm × 12 mm, each centimeter was divided by 10 lines) was placed on the bottom plate as the scale, and a high-quality photograph of the tunneling arena was taken. The ImageJ software (US National Institutes of Health, Bethesda, MD, USA) was used to measure the length and area of tunnels in each part of the tunneling arena (Trichoderma-treated or untreated).
Aggregation-Choice Test
This test aimed to investigate the aggregation preferences of free-moving O. formosanus workers in the arenas containing soil treated with each Trichoderma fungus and untreated soil. In total, seven aggregation-choice tests were performed, and each test was repeated 24 times (eight colony groups × three replicates for each colony).
The protocols provided by Wang et al. [34] were modified to conduct the bioassays. For each test, a piece of filter paper (diameter = 12.5 cm) was placed on the bottom of a Petri dish (diameter = 140 mm; height = 13.5 mm), and 2 mL sterile distilled water was added to moisten the filter paper ( Figure 1B) . The same amount (25 g) of Trichoderma-treated soil or untreated soil was weighed, and acrylic molds were used to prepare soil blocks (40 mm (L) × 40 mm (W) × 10 mm (H)). The Trichoderma-treated soil block was placed on one side of the Petri dish, and the untreated soil block was placed on the other side. Balsa wood slats (20 mm (L) × 20 mm (W) × 1.0 mm (H)) were immersed in the sterile distilled water for 4 h, and one slat was randomly selected and placed on each soil block. Fifty O. formosanus workers were released into each Petri dish from the center point. Bioassay arenas were then sealed and placed in an environmental chamber set at 25 ± 1 • C under total darkness (the cardinal directions of Petri dishes were randomly assigned). After 24 h, we counted the number of workers stayed on the bottom of Petri dishes. The Trichoderma-treated and untreated soil blocks were then dismantled, and the number of termites aggregated in/on soil was counted. Only live termites were recorded here.
Colony-Initiation-Choice Test
This test aimed to investigate the preference of paired O. formosanus adults to soil treated with Trichoderma fungus and untreated soil. Due to the limited number of O. formosanus adults collected during the mating flight season, only two Trichoderma fungi (T. longibrachiatum and T. koningii) were investigated in this study. We chose these fungi because they showed opposite effects on the aggregation behaviors of O. formosanus workers (see results). The choice test for T. longibrachiatum and T. koningii was repeated 68 and 69 times, respectively.
Similar procedures mentioned in the aggregation-choice tests were used to set the bioassays. One pair of adults was released into the center of each Petri dish. Bioassay arenas were sealed and maintained in an environmental chamber (25 ± 1 • C under total darkness) with randomly assigned cardinal directions. The location of adults in each Petri dish was recorded each day. On day 8, we opened the Petri dishes and dismantled the soil blocks to determine the location (in Trichoderma-treated or untreated soil blocks or on the bottom of Petri dishes) of adults as well as eggs laid by adults. Because this test focused on the colony-initiation preference by a pair of adults, we only analyzed data obtained from the assays in which (1) both male and female adults were alive, and (2) both adults stayed in the same location (i.e., assays with split adults was discarded).
Data Analyses
For the tunneling-choice tests, the tunnel length and area were compared using two-way analysis of variance (ANOVA, Proc Mixed, SAS 9.4, SAS Institute, Cary, NC, USA) with colony group as the random effect and sand (Trichoderma-treated or untreated sand) as the fixed effect. For the aggregation-choice tests, ln-ratio transformation was conducted to transform the percentage of O. formosanus workers in each location to the independent data [35, 36] . The transformed data were then compared using two-way ANOVAs with the colony group as the random effect and location as the fixed effect. Tukey's HSD tests were conducted after each ANOVA for multiple comparisons. For the colony-initiation-choice tests, chi-square tests were performed to compare the three proportions (proportions of paired adults that stayed/laid eggs in Trichoderma-treated or untreated soil blocks, or on the bottom of Petri dishes) using R 3.5.2, and the method provided by MacDonald and Gardner [37] was used for post-hoc comparisons.
Results
Tunneling-Choice Tests
Compared with untreated sand, O. formosanus workers produced significantly fewer tunnels (measured as both tunnel length and area) in sand containing conidia of T. longibrachiatum, T. hamatum, T. atroviride, T. viride, or T. spirale ( Table 2 ). The tunnel area in sand treated with conidia of T. koningii was significantly lower than that in untreated sand, but the tunnel length was not significantly different ( Table 2 ). In addition, there was no significant difference in tunnel length or area when compared sand treated with conidia of T. harzianum and untreated sand ( Table 2 ). 
Aggregation-Choice Test
The mean survivorship of O. formosanus workers was >98.5% in each aggregation-choice test. The percentages of termites in soil blocks containing conidia of T. koningii, T. atroviride, and T. spirale were significantly lower compared with untreated ones (Table 3) . However, significantly more termites were found in soil blocks containing conidia of T. longibrachiatum or T. hamatum compared with untreated ones (Table 3 ). These were similar percentages of termites in soil blocks containing the conidia of T. harzianum or T. viride and untreated ones (Table 3) . 
Colony-Initiation-Choice Test
Similar proportions of paired adults stayed in soil blocks containing Trichoderma conidia (T. longibrachiatum or T. koningii) and untreated ones throughout the experiments (Figure 2 , statistical results are shown in Table 4 ). For the choice test of T. longibrachiatum, a significantly higher proportion of paired adults stayed on the bottom of Petri dishes than that in untreated soil blocks on day 2 (Figure 2A ). In addition, there was no significant difference in the proportion of paired adults that laid eggs in Trichoderma-treated and untreated soil blocks ( Table 5 ). 
Discussion
Earlier studies showed that the conidia of entomopathogenic fungi were repellent to both fungus-growing higher termites, such as Macrotermes michaelseni (Sjöstedt) [14, 15] , and wood-feeding lower termites, such as C. formosanus [16, 17] . However, not all strains of entomopathogenic fungi have been shown to repel termites. For example, Wright et al. [38] reported that neither Isaria fumosorosea Wize strain ARSEF 3581 nor Metarhizium anisopliae (Metschn.) Sorokin strain NRRL 30905 was repellent against C. formosanus in different substrates (sand, soil, and sawdust). Bodawatta et al. [39] reported that the fungus-growing termite Macrotermes natalensis (Haviland) did not avoid substrate containing the entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin isolate #122. Mburu et al. [14, 15] reported that the repellency of entomopathogenic fungi was determined by their virulence, volatiles, and genotypes. In general, entomopathogenic fungi with higher virulence have stronger repellency against termites [14] .
Although Trichoderma fungi are not pathogenic to termites, they antagonize Termitomyces cultured by the fungus-growing higher termites. Our previous work showed that commercially formulated conidia of T. viride repelled tunneling behavior of O. formosanus [29] . In the present study, we found that unformulated conidia of six Trichoderma fungi significantly decreased the tunneling behaviors of O. formosanus ( Table 2) , indicating that O. formosanus showed general avoidance behaviors in response to different fungal species in the genus Trichoderma. This avoidance may be triggered by chemical cues in the substrate associated with Trichoderma fungi. As a subterranean species, O. formosanus workers spend the majority of their time in underground nests and tunnels. The avoidance behavior may effectively decrease the chance of direct contact between termites and Trichoderma conidia; therefore, reducing the risk of introducing antagonistic fungi into the fungal combs.
It is important to note that the Trichoderma fungi can establish long-lasting colonization with plant root systems and inhibit various phytopathogens due to their strong antagonistic and mycoparasitic activities [25, [40] [41] [42] . Therefore, many Trichoderma fungi and strains have been used as biocontrol agents to treat the agricultural and forest soil [43] . Our results indicated that introducing the Trichoderma fungi into soil may also reduce the infestation of O. formosanus. In addition, compared with large adult trees, seedlings are more likely to be killed or seriously damaged by O. formosanus. Treating the roots of seedlings with Trichoderma fungi before planting may help to repel O. formosanus. Performing field studies to verify those potential applications would be valuable.
The spatial avoidance of harmful microbes has also been commonly described in other social insects such as ants [44] [45] [46] [47] . However, Pontieri et al. [48] found that colonies of the pharaoh ant, Monomorium pharaonis (L.), preferred to move into nests infected with Metarhizium brunneum Petch compared with the uninfected ones. Likewise, the founding queens of Formica selysi Bondroit showed an initial preference to the nests contaminated by M. brunneum and B. bassiana compared with the nest sites without entomopathogenic fungi, whereas no colony-initiation preference was observed in response to a non-entomopathogenic fungus Petromyces alliaceus Malloch and Cain or heat-killed B. bassiana [49] . The mechanisms for these "surprising" results are still unclear, but Pontieri et al. [48] provided some possible explanations: (1) the conidia of entomopathogenic fungi used in these studies did not represent a strong lethal effect on ants; (2) the social contact between ants and entomopathogenic fungi in new nest sites can "reduce the susceptibility of nestmates to later exposure to the same pathogen." In the present study, though conidia of T. longibrachiatum and T. hamatum reduced the tunneling activities of O. formosanus workers ( Table 2) , they attracted termites in the aggregation-choice tests (Table 3) . Additionally, more paired adults of O. formosanus stayed and laid eggs in the soil blocks treated with T. longibrachiatum than that of the untreated ones (Figure 2 ), though the difference was not significant. It appears that some Trichoderma fungi triggered different decision-making processes when workers and adults of O. formosanus selected tunneling sites and aggregation/nesting locations.
Interestingly, Trichoderma fungi may affect wood-feeding lower termites and fungus-growing higher termites differently (Figure 3) . Previous studies showed that many Trichoderma fungi can be isolated from bodies of C. formosanus [50, 51] and Reticulitermes flavipes (Kollar) [52] . Our previous studies showed that C. formosanus built more tunnels in sand treated with conidia of T. viride or T. harzianum compared with untreated sand [29] . The positive associations and tunneling preferences may be due to the beneficial effects of Trichoderma fungi on the lower termites. Mankowski et al. [53] showed that wood exposed to T. viride positively affected symbiotic protozoa in the gut of Pacific dampwood termite Zootermopsis angusticollis Hagen. Jayasimha and Henderson [50, 51] reported that Trichoderma fungi isolated from the cuticle and guts of C. formosanus can inhibit the growth of a rotting fungus Gloeophyllum trabeum (Pers.) Murrill which compete for the cellulose with termites. Additionally, our preliminary studies showed that the half lethal time (LT 50 ) of C. formosanus workers exposed to Trichoderma fungi and M. anisopliae simultaneously was significantly longer than that of the termite workers exposed to M. anisopliae alone. This indicates that Trichoderma fungi may protect C. formosanus from infection (Wen and Wang, unpublished data). These results showed that the higher fungus-growing termites and lower wood-feeding termites have evolved different associations with Trichoderma fungi. We are currently comparing the behavioral and electroantennogram responses between O. formosanus and C. formosanus in response to volatiles of Trichoderma fungi to investigate the mechanisms accounting for such differences. Figure 3 . An overview of interactions between Trichoderma fungi and fungus-growing higher termites or wood-feeding lower termites. In general, Trichoderma fungi inhibited the tunneling activities of the fungus-growing higher termite, Odontotermes formosanus (as shown in the present study), and they are antagonistic to the Termitomyces cultured by fungus-growing termites [24] . On the contrary, Trichoderma fungi attract the wood-feeding lower termite, Coptotermes formosanus [29] , and benefit this termite by antagonizing the entomopathogenic fungi and cellulose-competition fungi [50, 51] .
Conclusions
In the present study, we found that O. formosanus workers made significantly fewer tunnels in sand containing conidia of six Trichoderma fungi (T. longibrachiatum, T. koningii, T. hamatum, T. atroviride, T. viride, and T. spirale) compared with untreated soil. Results indicated that O. formosanus workers may have evolved behavioral strategies to reduce contact with Trichoderma fungi in the substrate that antagonize symbiotic Termitomyces fungi cultured by the termites. Based on these results, we suggest introducing Trichoderma fungi into soil or treating the roots of seedlings with Trichoderma conidia to protect plants from O. formosanus infestation. Field studies are needed to evaluate these potential applications. In addition, the aggregation-choice test showed that T. koningii, T. atroviride, and T. spirale repelled O. formosanus workers, whereas T. longibrachiatum and T. hamatum attracted termites, indicating that Trichoderma fungi may exert varied effects on the aggregation preference by O. formosanus workers. Future studies will address differential responses on termite tunneling and aggregation triggered by Trichoderma fungi.
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